among breastfeeding populations (1, (8) (9) (10) . In these trials, efficacy has been estimated at age 4-6 weeks and then at 12, 15, 18, or 24 months. The statistical methods used in different trials for estimating cumulative transmission rates vary, with either HIV infection or HIV infection and death as the outcome and a range of duration of clinical and laboratory follow-up. The populations in which these trials have been carried out have had various durations of breastfeeding. It is therefore difficult to compare published results from these trials.
To facilitate direct comparison in the efficacy of specific interventions between trials, we developed a consensus approach for the statistical methods that should be considered for analyzing such trials (11) . In addition to the standard Kaplan-Meier estimator, we proposed three alternative estimators to account for 1) the unknown exact date of diagnosable HIV infection, 2) the risk of acquiring HIV infection that is ending after weaning, and 3) informative censoring (HIV-infected children are at increased risk of death). We present the results from these four consensus analytical approaches, systematically applied to four trials carried out in breastfeeding populations (1, 3, 4, 9) , to assess short-and long-term cumulative infection risk. We compare the point estimates and confidence intervals obtained from these four methods to evaluate the need for using complex statistical methods to estimate the cumulative rate of mother-to-child transmission.
MATERIALS AND METHODS
Four randomized clinical trials in African breastfeeding populations are reanalyzed; in three placebo-controlled trials, the efficacy of a peripartum regimen of antiretroviral therapy, either zidovudine monotherapy (3, 4) or a combination of zidovudine and lamivudine in a different regimen (9) , is evaluated. The placebo arm of the Petra Study (9) is compared with the arm receiving the longest regimen of zidovudine plus a combination of zidovudine and lamivudine (arm A). The fourth trial evaluated the use of artificial feeding versus breastfeeding in the absence of antiretroviral therapy (1) . For the antiretroviral trials, the primary endpoint was HIV infection while, for the breastfeeding trial, it was HIV-free survival. In all four trials, a blood sample was taken for HIV testing during visits within 48 hours of birth and then at ages 4 (4) or 6 weeks (1, 3, 9), 14 weeks (1), and every 3 months thereafter until the endpoint of the trial, which was 24 months but 18 months in the Petra trial (9) . The analyses are restricted to firstborn livebirths.
Pediatric HIV infection was defined as a positive DNA or RNA polymerase chain reaction test result at any age and by a positive serology result at 18 months or older. For both polymerase chain reaction and serology, a negative result can be considered definitive only if cessation of breastfeeding has occurred at least 60 days before the blood sample was taken. In other instances, the result should be considered provisional, as seroconversion can occur up to 2 months after infection (11) .
We consider four scenarios defined by the length of follow-up (short or long) and the number of ages at which samples are available for HIV testing (one or multiple) (11) .
Scenario 1: short-term efficacy based on a single laboratory assessment and vital status
Polymerase chain reaction results of the single laboratory assessment are used to ascertain infection status at age 6 weeks. The estimated transmission rate is the proportion of children tested at that age who tested positive. We simulate this scenario by restricting data to a maximum age of 59 days. Because relatively few infants would have died from HIV-related causes at 6 weeks, the inherent assumption of uninformative censoring in this analysis is reasonable.
Scenario 2: short-term efficacy based on two laboratory assessments and vital status
Based on blood samples collected around birth and 6 weeks, the cumulative infection rate and probability of HIVfree survival can be estimated by various methods. Weaning is not a competing risk for estimating the probability of HIV diagnosis at such an early age. We simulate this scenario by restricting data to a maximum age of 59 days. We evaluate the resulting estimates by comparison with the corresponding estimates obtained using all available data following scenario 3.
Scenario 3: long-term efficacy based on sequential laboratory assessments and vital status
In this scenario, the cohort has been followed for at least 12 months with blood sample collection for laboratory assessments at several ages. Vital status and duration of breastfeeding are recorded. The cumulative probability of death and probability of breastfeeding are estimated using the Kaplan-Meier method (12) . We estimate cumulative infection rates and the probability of HIV-free survival using various methods. We simulate this scenario by restricting data for each study to a maximum age of 590 days.
Scenario 4: long-term efficacy based on a single laboratory assessment and vital status
Follow-up data are available only at age 18 months (11) , and results based on the tests of survivors to this age are used to estimate cumulative rates of transmission. In this evaluation, we restrict HIV diagnosis information to samples obtained at age 505-559 days. Similar to scenario 1, we first estimate the proportion of children who were tested at that age who were HIV positive and second also include all deaths before age 18 months as possibly infected, giving an upper bound of the rate of infection (A), while in B the estimated number of infected children among those untested is added to the numerator of this proportion (11) .
Efficacy E(t) of an intervention can be defined as the preventive fraction in the exposed group (group 1) compared with the reference group (group 0): E = 1 -(R i (t)/R 0 (t)), where R i (t) is the estimated cumulative rate of transmission in group i defined as P(T1 < t), where T1 denotes the random variable for time of HIV diagnosis. In the case of competing risks (see below), we define R(t) = Pr(T1 < t and T1 < T2), where T2 is the random variable for weaning time. When HIV-free survival is the outcome of interest, R i is 1 minus the probability of HIV-free survival. We estimate short-term efficacy of these peripartum interventions at 6 weeks of age; long-term efficacy is estimated at 18 months. An endpoint is defined either by diagnosed HIV infection or by HIV infection or death.
When HIV test results are available at several ages, the conventional estimate of the cumulative proportion with an endpoint at each age of interest is obtained from the KaplanMeier procedure (12) . This procedure assumes that the exact age at which an endpoint occurs is known and that censoring is uninformative (risk for an endpoint is independent of risk for censoring). Unless HIV is diagnosed at birth, the age at which HIV could be diagnosed is interval censored, because it is known to be only between the age at the last negative test (or age 0, if there was no negative test) and the age at the first positive test. Because HIV-infected children are at increased risk of early death, death may represent informative censoring when the endpoint is diagnosed HIV infection. In addition, the Kaplan-Meier estimator does not take into account the fact that the risk of HIV infection ends after a child is weaned. If some weaned children are censored before a specified age of interest, the Kaplan-Meier estimate of the cumulative proportion infected can be biased (11) .
We evaluate three extensions of the Kaplan-Meier procedure; all allow the event date to be interval censored. One extension also takes into account the fact that infection risk ends after weaning, and another, that death may represent informative censoring. Each extension procedure yields a nonparametric maximum likelihood estimator (in some sense). Like the derivation of the Kaplan-Meier procedure, the derivation for each procedure starts by determining the support set, the set of intervals (and possibly points) on which the estimator can change value (see the Appendix). Each estimator is then derived from an iterative numerical procedure. The estimator is not unique on the support set (unless the change in value is estimated to be zero) but is known to be between only two values (corresponding to the jump in the Kaplan-Meier estimator).
To remove the assumption of an exact endpoint time, we use Turnbull's extension of the Kaplan-Meier procedure to interval-censored data (13) . The survival (or cumulative failure) estimate from Turnbull's procedure is similar to the corresponding estimate from the Kaplan-Meier procedure, except that the estimate is undefined on intervals on which the change in the estimate is positive. The principal advantage of Turnbull's method is that it is likely to provide a correct estimate of variance, since we acknowledge that the event time is not directly observed. Turnbull's method assumes that censoring is uninformative and does not account for weaning as a competing risk, in the sense described next, although weaning information could be used to reduce the interval during which HIV infection could have been diagnosed. The algorithm used to compute this estimator is described in the Appendix. Lindsey and Ryan (14) analyze two data sets to compare the Turnbull estimator with the two extreme Kaplan-Meier estimators (assuming that the event dates were at the left or right endpoints of the event interval). With heavily censored data, the Kaplan-Meier estimates need not bracket the Turnbull estimate.
In using the Kaplan-Meier procedure, we made the conventional midpoint assumption that the age at which infection was diagnosed occurred at the midpoint between the ages at the last negative and first positive tests; for HIVfree survival, we assumed that the event date was the midpoint between the ages at the last negative test and death for children who died without being diagnosed with HIV. In using the Turnbull procedure to estimate HIV-free survival, we assumed that the event occurred between the age at last negative test (birth if no negative test) and the age at death for these children.
Hudgens et al. (15) extended Turnbull's procedure to include one or more competing risks; alternatively, this can be considered an extension of the estimator with exact event times and competing risks (16) . Weaning can be considered as a competing risk for estimating the cumulative proportion of children infected. In the terminology used with the Kaplan-Meier procedure, an uninfected child is removed from the risk set after weaning. The procedure of Hudgens et al. estimates the cause-specific cumulative incidence function, here P(T1 < t and T1 < T2), assuming that censoring is uninformative. The cumulative incidence estimate from this procedure is conditional on the pattern of weaning; it does not estimate cumulative incidence in the absence of weaning. For each failure cause, the cumulative incidence estimator is similar to the cumulative failure estimate from Turnbull's algorithm. The algorithm used to compute this estimator is an extension of Turnbull's algorithm (see the Appendix). It can be shown that the competing risks estimate can be greater or less than the Kaplan-Meier estimate based on only the HIV test results, depending on how long children continue to be tested after weaning, when other children are censored compared with when children are weaned, and the numbers of weaned and censored children (see the Appendix).
Hughes and Richardson extended Turnbull's procedure to allow informative censoring (17) . Their procedure does not account for competing risks. They use a semiparametric procedure to estimate the joint distribution of HIV infection time and death time for interval-censored data. The joint distribution of death and HIV diagnosis is modeled by assuming that 1) the conditional probability of HIV diagnosis given death has a Weibull distribution, and 2) death can be modeled by a nonparametric distribution. Then the cumulative probability of diagnosed HIV infection is estimated by the corresponding marginal distribution of the joint distribution (see the Appendix).
We used SAS (SAS Institute, Inc., Cary, North Carolina) and S-Plus 2000 (Insightful Corporation, Seattle, Washington) code to compute the Kaplan-Meier and Turnbull estimators. SAS code for computing the competing risks estimator of Hudgens et al. is available at the following website: http://www.fhcrc.org/labs/self/hudgens/mgh.html. This code uses the bootstrap to estimate standard errors. The code for the Hughes-Richardson method is written in S-Plus software for Unix (SCO Group, Lindon, Utah) and Fortran (Free Software Foundation, Inc., Cambridge, Massachusetts) and is available from this website: http://lib.stat.cmu.edu/ jasasoftware/hughes-r.
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RESULTS
The number of livebirths available for analysis and the number available for the different scenarios for estimating short-term (at 6 weeks for scenarios 1 and 2) or long-term (at 18 months for scenarios 3 and 4) efficacy are given in table 1. In the Ditrame trial, children who were known to be uninfected at least 2 months after weaning were no longer tested. Hence, some uninfected children may not have had a test result at 18 months. In the Petra trial, 18 months was the endpoint, and all children not lost to follow-up and alive (about 67 percent of the total) would have been tested at this age. In other trials with an endpoint at 24 months, some children may not have been tested at 18 months but were tested later. With the use of all available data (scenario 3), the proportion of children who died without an HIV test was low except for the placebo arm in the Retro-Ci trial.
For each trial (arms combined), table 2 shows for selected ages the percentage of children who had been weaned, the number and percentage of children who had been censored, and the number and percentage of infected children diagnosed with HIV infection. If nearly all infections are diagnosed by the age at which an appreciable proportion of children are weaned and if a relatively small proportion of children are censored before that age, then the competing risks procedure is unlikely to be necessary. In each arm of each trial, more than half (51-80 percent) of infected children were identified by 3 months of age. At most, 4.1 percent of children were weaned by age 3 months, except for 22.5 percent in Petra. The proportion censored at age 3 months through loss to follow-up or death was 6.4-13.0 percent. For most children with diagnosed HIV infection, the length of the interval between the last negative and first positive tests was relatively short. For each arm of each trial, this interval was longer than 3 months for only 5.5-12.5 percent of these children (data not shown). Table 3 presents point estimates of cumulative infection risk and of short-term, or early, efficacy, with confidence interval lengths for the point estimates in the placebo group, using only data through age 6 weeks. Results from scenarios 1 and 2 are compared with those of scenario 3, in which all available information is used and which is the reference for this analysis. Scenario 1 point estimates are generally similar to those from scenario 2. For each trial, the three methods give similar estimates of efficacy except for that based on the Kaplan-Meier procedure in the Agence Nationale de Recherches sur le SIDA (ANRS) trial. The cumulative infection risk point estimates in scenario 2 were greater than the corresponding estimates using all data (scenario 3) except for Petra, although some differences are small. We made similar comparisons with HIV-free survival as the endpoint and found similar results (data not shown). Table 4 presents the point estimates for cumulative infection risk and long-term efficacy, as well as confidence interval length for the point estimate in the placebo group, using data through age 18 months. Differences among the first three procedures depend on the ages at diagnosis of infection, weaning, and censoring (table 2). Estimates from the Hughes-Richardson procedure will differ from those of the other procedures if death represents informative censoring. The first three procedures yield very similar estimates of the cumulative infection risk and confidence intervals for the cumulative infection risk except for the Ditrame study, for which the competing risks procedure yields larger point estimates and a longer confidence interval. The estimates from the Hughes-Richardson procedure are very similar to those from the other procedures except the Ditrame trial.
For the Ditrame placebo group, the cumulative infection risk estimated from the competing risks procedure has a jump from 0.33 at 560 days to 0.49 at 591 days. The estimates shown for the Agence Nationale de Recherches sur le SIDA trial are at 568 days; we used linear interpolation to obtain the point estimate and confidence interval shown in table 4 . This illustrates that an estimate obtained from interval-censored survival analysis need not be unique at a time of interest. The Ditrame estimates also demonstrate that the competing risks cumulative infection risk estimate can be greater than the Kaplan-Meier or Turnbull estimates. Table 5 presents similar comparisons for scenario 3 with HIV-free survival as the endpoint. All three methods give very similar point estimates and confidence interval lengths.
For scenario 4, use of the observed proportion diagnosed with infection generally provided a substantially smaller estimate of the cumulative infection risk than the data from scenario 3, because of the relatively large number of infected children who were not tested at 18 months (table 1) . Most estimates of HIV-free survival from scenario 4 (table 5) were similar to the estimates from scenario 3, with similar confidence interval lengths.
DISCUSSION
We compared four statistical methods to estimate cumulative mother-to-child HIV infection risk, or HIV-free survival probability, using data from four clinical trials conducted in African breastfeeding populations (11) . In these populations, estimates of the long-term efficacy of peripartum interventions could differ substantially from those of short-term efficacy because of breast milk transmission (1). These populations also have high infant mortality rates even in uninfected children, and loss to follow-up was potentially a major concern in each of the trials. The statistical methods used varied in whether they account for age at a positive HIV test as an interval-censored event, weaning as a competing risk for postnatal HIV infection, and death as potential informative censoring. Scenario 3 was considered the referent, because it allowed for all available information collected in a standardized fashion. We compared the methods with respect to point estimates, confidence interval length, and ease of use. We also assessed whether the cumulative infection rate could be estimated if HIV status were available only at the age at which the study endpoint is defined.
Theoretically, a valid estimate of the cumulative infection risk and its variance at age 18-24 months would be obtained from the extension of the Kaplan-Meier estimator to interval-censored data with competing risks (14) or from the Hughes-Richardson procedure (17) . The first procedure gives a valid estimate when there are few deaths among children not known to be infected and, hence, death as informative censoring can be ignored. The second procedure gives a valid estimate if nearly all infections are detected before many children have been weaned and if testing continues after weaning, so that weaning as a competing risk for HIV infection can be ignored. Use of the competing risks approach assumes that reliable weaning information is available, while the Hughes-Richardson model requires reliable data on the occurrence and time (but not cause) of death. If point estimates or variances from these methods disagree, the choice of the appropriate method depends on evaluating the relations among the distributions of ages at HIV diagnosis, weaning, and censoring, as well as the proportion of children who died without an HIV diagnosis. Both this assessment and an evaluation of the distribution of the length of time between last negative and first positive tests are necessary if consideration is given to use of a simpler statistical procedure. Overall, the application of these methods (11-13, 15, 17 ) across the four trials shows remarkable consistency in the estimated short-term efficacy of the various interventions. Within the trials, for the assessment at 6 weeks of age, a simple approach based on the results of only one laboratory test and information on whether or not the infant was still alive provided estimates not too dissimilar to those obtained by methods using all available data. If more than one laboratory test result is available, we recommend the standard Kaplan-Meier procedure. Although the Turnbull procedure remains valid under more general conditions than the Kaplan-Meier procedure, the latter is easier to use and yields nearly identical estimates of early efficacy at 6 weeks of age, because intervals between tests are short. Note that in these methods, the exact age at a positive test does not estimate the "time to infection" but "time to detection" of HIV, which is dependent on the testing schedule (11) .
For assessment of long-term efficacy in terms of HIV infection risk and HIV-free survival, we found good agreement between the point estimates and confidence intervals from the competing risks and Hughes-Richardson analyses. We would thus recommend the competing risks approach if there are relatively few deaths among children without an HIV test. This approach allows children who are weaned and no longer at risk of becoming infected to be excluded from the denominator. An HIV-free survival approach is preferred if there are many untested children or if deaths in the intervention arm are of particular concern, such as in the infant feeding trial. In this case, based on our findings and on theoretical grounds, we recommend using the Turnbull procedure; the Hughes-Richardson method could also be considered but is more complex to use.
This work compares statistical methods for estimating the efficacy of interventions in four clinical trials. Results of this comparison provide useful guidance for choosing a method of analysis in any intervention trial aimed to prevent HIV mother-to-child transmission in a breastfeeding population. Reports for any trial should clearly state the HIV testing schedule and other information about the numbers of children included in or excluded from the various assessment ages. In particular, the number of children who were lost to follow-up or who died without HIV testing by the ages of assessment used is needed to interpret the results. Second, the length of intervals between HIV tests and particularly between the last negative and the first positive test should be described in summary format: If many of these intervals are long, a Turnbull analysis, possibly including competing risks, is needed. If most of these intervals are short (less than 3 months), a standard Kaplan-Meier approach to the analysis should suffice. Third, if weaning is typically at an advanced age (after 12 months), a relatively long interval between the last negative and the first positive tests will be more common, making it more essential to run a Turnbull analysis. If HIV testing stops after weaning, a competing risks analysis is also recommended. If a large number of deaths occurs among infants with uncertain HIV infection status, then the Hughes-Richardson approach would be appropriate, although this procedure is technically complex. Because these methods can yield different point estimates and confidence interval lengths, it is essential to specify the method of analysis in the study protocol, rather than choosing the method after analyzing the data.
Fourth, we recommend that HIV infection be used to assess short-term efficacy, while HIV-free survival should also be used to assess long-term efficacy. For the assessment of long-term efficacy, the results from the comparative analysis presented here strongly support the previously expressed concern that depending on the results of only one test between 15 and 24 months of age is not appropriate and will give substantially biased results in the estimated efficacy, as loss to follow-up and deaths are unlikely to be evenly distributed between trial arms (11) . Where testing at only 15-24 months is feasible, attempts should be made to record the vital status of all children and the age at cessation of breastfeeding, as HIV-free survival is likely to provide a less biased estimate of the efficacy of an intervention in the long-term. This is particularly pertinent for the evaluation of public health programs, where the investment for follow-up and laboratory testing will be limited.
We originally recommended analytical procedures based on theoretical considerations and available statistical methods (11) . We have now refined these recommendations on the basis of application of these methods to data from four intervention trials, thus providing a powerful approach to the evaluation of interventions to reduce mother-to-child transmission of HIV in breastfeeding populations. These findings could be used to better assess the merit, at least in terms of efficacy, of different interventions in public health programs in Africa. 
Turnbull's generalization of the Kaplan-Meier estimator to interval-censored data
Let T be the random time at which an event occurs, and let F be the cumulative distribution function for T, so that F(t) = Pr(T ≤ t). By writing down the general form of the likelihood based on F, it is easy to see that F cannot increase outside the support set, and that F is not defined uniquely on the support set. Using Turnbull's notation, let the support set consist of the M intervals [q j , p j ], and let s j be the mass associated with the jth interval (s j ≥ 0, Σs j = 1). Thus, s (the vector of the masses) is a discrete probability distribution. With this notation, if t is not in the support set, then Turnbull shows that the maximum likelihood estimator of F is obtained from the probability distribution s * that satisfies the self-consistency property. Let N be the number of persons contributing data. Let µ ij (s) be the proportion of the mass in
Then s is self-consistent if
An iterative algorithm can be used to find s * . Let s k be the value of s at the kth step. Choose an initial value for s, s 0 , such as s j = 1/M for all j. Given s k , compute the numerator and denominator of equation 1, and set s j k+1 = π j (s k ). Continue this iteration until the desired accuracy is achieved. Turnbull shows that this algorithm converges to the (14) .
The competing risks estimator for interval-censored data
In the notation of Hudgens et al., suppose that there are J possible failure types; for our data, J = 2 (HIV diagnosis and weaning). Define a support set {[q jk , p jk ]} for each failure type j; for weaning, the support set will be a set of points. The support set is defined as for a single failure type: For failures of type j, use only failures of that type and censored observations. We need to estimate the cumulative incidence functions I j (t) = Pr(T ≤ t, and failure of type j). For the jth failure type, define a set of nonnegative masses s j = {s jk } such that the sum of all masses for all failure types is 1. Given s j and t not in the support set for the jth failure type, the estimate is
The maximum likelihood estimator is obtained from a self-consistent estimator s * using an iterative procedure similar to that used to obtain Turnbull's estimator. Not all cumulative incidence estimates need be defined at a point at which the Turnbull estimate (for all failure types combined) is defined. In general, the sum of the cumulative incidence estimates need not be equal to the cumulative failure estimate from Turnbull's procedure at a point at which all of these estimates are defined.
The semiparametric estimator of the joint distribution of infection and death (Hughes and Richardson)
Let t and s indicate the time of HIV infection and death, respectively. Using the notation of Hughes and Richardson, we summarize the data on the times (t i , s i ) for the ith infant by the pair of intervals , where and are the left and right endpoints of the interval containing the HIV infection time s i for infant i (allowing for a special mass point for children never infected), and and are the left and right endpoints of the interval containing the time of death t i for infant i. Suppose infants are followed 18 months after birth. Then t ∈ , where the special mass point "18+" is used for children that were alive at 18 months, and s ∈ {[0,18], NI}, where NI is a special mass point for children uninfected at death or 18 months (whichever is first). The joint distribution of HIV infection time and death time is given as w(s,t) = f(t) g(s|t).
Hughes and Richardson model f(t), the distribution of death time, nonparametrically and g(s|t), the conditional distribution of HIV infection times given death times, as a mixture of point mass at birth and a Weibull distribution with parameters that vary with death time. The observed loglikelihood:
is maximized by alternately maximizing the parameters of f(t) conditional on the current estimate of g(s|t) and then maximizing the parameters of g(s|t) conditional on the current estimate of f(t). The marginal distribution of HIV infection is then easily derived from this joint distribution.
Dependence of the estimated cumulative incidence of HIV diagnosis on the order of diagnosis and weaning times
Assume that "events" occur at times 1, 2, 3, 4. For sequence 1, the order of events is weaning, censored, HIV diagnosis, and censored; for sequence 2, censored, weaning, HIV diagnosis, and censored. We wish to estimate cumulative HIV diagnosis at time 4. For simplicity, assume that the time of HIV diagnosis is known exactly (we do not consider the interval-censored case). Assume that weaned children continue to test negative. Assume that there are a total of N children, with n t children with an "event" at time t.
We consider three cumulative incidence estimates: 1) a competing risks analysis; 2) the standard Kaplan-Meier procedure, when the last HIV test for weaned children is shortly after weaning (before the next time with an "event"); and 3) the standard Kaplan-Meier procedure, when the last HIV test for weaned children is at time 4 (continued testing of weaned children). Appendix table 1 shows estimated cumulative incidence at time 4 for the two situations and three estimates.
In situation 1, it is clear that cumulative incidence estimate 3 is less than estimate 1, and both are less than estimate 2.
In situation 2, it is easy to show that the estimates from 1 and 3 above are less than that from 2 above (testing stops at weaning), but clearly the estimate from 1 above can be greater than or less than that from 3, depending on the values of n 1 and n 2 . 
Situation
Analysis 1* Analysis 2 † Analysis 3 ‡ 1 (n 3 + n 2 n 3 /(n 3 + n 4 ))/N (n 3 + (n 1 + n 2 )n 3 /(n 3 + n 4 ))/N (n 3 + n 2 n 3 /(n 1 + n 3 + n 4 ))/N
